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ABSTRACT

This report summarizes the recent activities and results
of a study seeking to discover and quantify the relatinnship
betweer solar wind parameters, magretosheath turbulence, and
daytime geomagnetic pulsations. The most sigrificant achievement
has been a major advance in data processing and computatioral
analysis leadirg to the first observatinns and measurements of
magretcspheric resorance thickress, wave transfer acrnss the
magretnpause, and wave structure in the nuter magretsshesth.
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1.0 INTRODUCTION

This report summaries the currently ter iratirg phase of
the TRW study of medium-pericd, daytime geomagr ~tic pulsations,
The study is aimed at developnent of ar index or measure of
pulsation activity by examirinrg the patterr of pulsation activity
on the grourd and the gereration or control of pulsation sigrals
by cornditions in the irteraction region between the snlar wird ard
the magretecsphere. In previous programs it was determired that
pulsation properties car be related to certain snlar wird
parameters in  a marner consistenrt with models predicting
excitation of magnetospheric waves at the magretopause. We have
been mnoving toward defirirg and quartifyirg the global effects of
the solar wind control of magnetospheric pulsations,

The pulsatinns of concern here consist of small-amplitude,
quasi-sinusnidal wavetrains from several cycles to hurndreds of
cycles 1lorng, detected by sensitive instruments measuring the
magretic field (or earth currents) on the eartn's surface. These
pulsatinrs are signals traditinnally desigrated Pc 3, Pc 4, and Pc
5, covering the period (frequency) rarges 10-45 (.022-.1) , 45-150
(.0067-.022), ard 150-300 secords (.0033-.0067THz), respectively.
There is reasorn to believe that in these period bands, pheromena

car be quantitatively related to the solar wind with sufficient
reliability to make them useful as diagnostics of selected snlar
wind properties.

The irtermittent excitation of specific micropulsatinns,
whose perind at any givern time is related to resonant prcperties
of the magretosphere, is probably the result of solar wind
irteraction with the magretopause. Qualitative models exist that

provide mecharisms for delivery of the magretosheath oscillatinns
to the magretopause or for local excitations at the magnetnpause ;
irregularly in a manner potentially consistert with the krown
characteristics of Pe 3,4,5. The mechanisms, in turn, depend upon
intermittent properties of the interplaretary magnetic field (IMF)
and the solar wind velocity which have been showr to correlate
with micropulsation amplitude. The objective of this study is to
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improve and quantify the existirng correlations and deepern the
understanding of the enrtire solar wind-to-surface transmission

process.
In the ensuing sectinns we list the tasks accomplished ard

results achieved in the study inrterval ending February 1983, and
summarize the principal results, apperding completed abstracts and

reports where appropriate.
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2.0 ACTIVITIES

Tne following 1list summarizes the inrdividually defirable
activities carried out urnder this program.

2.1 Pc 5 Investigation
Event identificatior
Data retrieval, plottirg, and frame transfrrmation
Defirition of ervironmental context
Spectral aralysis
Repc-t preparation, IAGA (Edinburgh)
Report preparation, AGU (Sar Frarcisco)
Draft paper
2.2 Pc 3,4 Investigation
Straddle search and evert identificatior (see 3.4, belaw)
Creation of flat files
Interactive spectral aralysis
Visit to AFGL
Report preparation (AGU Chammar Conf., Kora)

Write paper

2.3 Meetirgs Attended
IAGA, Edirburgh, August 1981
AGU, San Frarcisco, December 1981
COSPAR and IMS Symposium, Ottawa, June 1982
AFGL Discussions and Data Aralysis, Lexington, Jure 1982
AGU, San Francisco, December 1982

AGU Chapmar Conf. on Waves in Magretospheric Plasmas,
Kona (Hawaii), February 1983
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2.4 Related Activities

ISEE Science Working Team, meeting at NASA/GSFC, Feb-uary
1982

NASA/Data Science Users Working Group, meeting at
NASA/MSFC, October 1982

Quasi-Parallel Shock Cnrrelation-Length Study

2.5 Reports for Publication

Large-Amplitude Magretic Variatinns irn Quasi-Parallel
Shocks: Correlation Lergths Measured by ISEE 1 and 2: E.
W. Greenstadt, M. M. Hoppe, ard C. T. Russell, Genphys.
Res. Lett., 9, 781, 1982

Transfer cof Pulsatiorn-Related Wave Activity Across the
Magnetopause: QObservations of Corresponding Spectra by
ISEE-1 and ISEE-2: E. W. G-eernstadt, M. M. Mell~tt, R.
L. McPherror, C. T. Russell, H. J. Sirger, anrd D. J.
Krecht, Gecphys. Res. lLett., submitted, 1983

A Storm-Time, Pc5 Evert Observed in the Outer
Magretosphere by ISEE 1 and 2: Wave Properties: E. W.
Greenstadt, R. L. McPher~on, M. M. Mellstt, R. R.
Arderson, and F. L. Scarf, J. Gecphys. Res., to be
completed, 1983
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3.0 RESULTS

The following 1list emphasizes the mnst sigrificanrt, specific
accomplishments and results of this progran durirg the irterval on
which we report.

Pc 5 Investigation

Spectral profile of irbound, dusk meridiar-pass
througn the magretnsphere during wave event;

Two-point (ISEE-1,2) profile of the Pc 5 rescrarce
region;

Measurement of resonance regior thickress of ~.4
Re.

Pc 3,4 Investigation

Comparison of power spectra straddlirg the
magnretopause;

Ore to three order atteruatior of power across the
magnetopause;

Relative stability of spectral power deep in the
magnetosphere;

Correlation of power level acrcss the
magretnpause;

Spectral similarity across the magretopause.

Shock Source Investigation

Correlation lergth of quasi-parallel,
large-amplitude waves 1000 km.

St AR e S . IR . et .
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The remainder of this Section explains and describes the most

important aspects of the project.

muscicibibnch.l,
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3.1 Techrical Cnnsiderations

Qur flexibility in selecting various aspects of pulsatinn
pheromena for investigation has allowed us to make sigrificart
progress, sometimes in spite »f, sometimes because of, techrical
develomments., We took the positiorn from the outset that it would
be nreithe~ practical nor suppnrtable for TRW's Space Sciernces
Department to duplicate sophistncated irteractive data aralysis
codes available or urder developnent at UCLA (Berchem and Russell
1982; see also Apperdix C) where portions of our =atellite-Jata
base are 1located. OQur project has therefore beern deperded on
progress elsewhere ir writirg certain routires and brirging
on-lire associated equipmert outside the irnvestigatsr's direct
control. The difficulty has been compsunded by our desire t»
employ data from the still more distart data base of the AFGL
magretometer retwork, because we believe the AFGL stations to be
ideally =situated for Pc 3-4 studies. The impact of these
obstacles car be appreciated by refererce to the graph in Figure 1
of investigator hours charged to this contract; charges followed a
uniform straight-lire time budget for the iritial effort on the
Pc5 study urntil October 1981, then fell into deficit until August
1982 (shadirg) as we awaited debuggirg of nrew routines ard
expansion of temporary working disc-space at UCLA. Our effort
accelerated after July 1982 as we began to explore "straddle"
cases (paragraph 3.4) which are still actively unde~ aralysis as
this is written,

3.2 Pulsatinn Index

The foremost victim of our techrnical problems was the
objective of devisirg some sort of "global" Pc irdex, because of
the large working file-space required to aralyze data reeded t»
produce a reliable outcome. This part of the project was
initiated, however, with AFGL data sent by H. J. Singer and D. J.
Knecht in support of our straddle cases described later. We note
with appreciation that the AFGL conperatior was responsive and
quite rapid.
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One aspect of the index problem is a reed to determire tne

relationship between traditioral Pc sigrals on the grourd ard 1r
the magretosphere above the iorosphere. Sn far, we have fourg
relatively little differerce in spectral power betweer the oute-
magnetosphere ard one of the AFGL statinns. (see 3.4, below).

3.3 Dusk Pc 5 Everts

Qur iritial study of the events detected by ISEE-1 ard -2
irbound through the magretosphere or  August-1978 yielded a
magretic profile cf the evert reported at the IAGA meeting ir
Edinburgh last year. For the most part, the profile confirmeg tne
similarity of our evert to others described earlier, but did not
add much nrew, outside of the correlation betweer the twe

spacecraft reccrds, Improved techrical capability has recertly

erabled us to proceed fu-ther.

Figure 2 is a hard copy of a compute~ working-plat showing
the principal Pc 5 evert, band-filtered and transformed intn
field-aligred coordirates where the z-axis is in the direction of
the Earth's main field. The vertical lires are cursors set or the
peaks of the compressional (Bz) comperert; they serve here as
guidelires tn the phase relationships of the transverse
comporents. We see that at the asterisk the x- and y-comporents
were in cpposite phase. Before that, Bx led By; afte-wa~d, Bx
lagged By. The in-phase, lirear polarization at the time of the
asterisk coircided with the maximal amplitude of the trarsverse
comporert B, = (82r + B _ 2)1/'2 not shown, as well as the

-

compressioral comporent, B, . The ertire sequerce correspcnds

exactly to the behavior of tne perturbatinn expected when crossirg
a magretospheric field-line resonance (Cher and Hasegawa, 1974)

and inferred from the only earlier comparable measurements by
Hedgecock (1976). The phase reversal of the observed waves is !
represented sharply in another way ir Figure 3, where the |
cunulative angle of rotation of the trarsverse field vector 1=
plotted vs. time for both ISEE-1 and ISEE-2. We see the angle
rose in both records until resorance after 0030, arnd fell
therafter, indicating the reversal of the vector's rotation at the
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same time the vector's magritude peaked. Ever the delay belweenr

the phase reversals at the tw> spacecraft is apparernt 1ir the
figure.

These figures offer the first docunertatinn of a resorarce, ir
place, ir so clear and comprehensive a marner. The most
interestirg new infererce to be obtaired from the example,
however, 1is the radial thickress of the resorance shell, a
Quanrtity hitherto nct well determired (Hughes, 1980). We have for
the first time a direct measurement <. the thickress from the time
over which the transverse comporents underwert a 180 deg. phase
shift, indicated ir the figure by the arrows., The marked irterval
correspornds to a distance of about 2500km.

The plots of Figure 2 and the thickress estimate abcve are
derived from ISEE-1 data alore. The thickness can be estimatea
irdependently by comparirg the data from ISEE-1 anrd ISEE-2, ard a
full characterization of the wave event can be ocbtaired by
irtensive aralysis of the sigrals in the twc data reccrds. We
have measured the power of all coamporents, their ratios, and
phases in each data stream ard cross-correlated these quartities
betweer the tw> data streams. We expect to derive all wave
properties for the linea~ly polarized waves in the oute-
magretosphere as well as tne plasmapause wave event, ard thern t=
compare the results with properties derivable indeperdenrtly by
reference t» plasma ard electric field measuremerts available from
the same spacecraft. One outcome will be a further test of the
plasna and field relations of resorart standing waves, relatinns
which have been depended or in the past to infer wave properties
(Singer and Kivelsor, 1979). A secord outcome will, we hope, be a
clarification of the way in which both the lower and highe~
harmorics, observed on the same pass, were related to positinn ir
the magretnsphere.

A progress report on this work was presented tn the
December 1982 AGU meeting; a copy of the Abstract appears here as
Appendix A; the first of twp papers describing the results is
almost completed, a draft of which appears as Appendix B. A
second report is plarred describing the remaining physical
properties of the waves. Comprehensive ion, electron, ard
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electric field data accomparying the wave evert have been
collected or requested with the irtertion of erablirg us tn
describe completely the Poynting vector, harmeornics, ard origir cof
storm-time, dusk meridian, plasmapause phernomenra ~»f which or evert
seems to be such as outstarding example. Our results will
supplenert other recert inquiries (Poulter 1982; Yourg et al,
1981, Mauk et al, 1981, Roux et al, 1982).

3.4 Magnetopause Straddles

Establishnent of a direct Pc lirk to the solar wird will
deperd sooner or later or ar actual obse-vatiorn somewhere of wave
erergy in process of transfer from outside to inside the
magretcsphere. With the idea that "somewhere" might ba, at least
occasiorally, where the ISEE-1,-2 satellites were, we seavched the
data for magretopause "straddles", i.e. crossings whe-e the twe
satellites were simultareously on opposite sides »f the boundary
leng ercugh ( > 20 mirutes) for reliable spectra to be crmputed.
We alss sought a subset of cases irn which cre or more of the AFGL
stations was ir the daylight hemisphe~e, preferably ir or rear the
mevidian of the spacecraft wher they were at the magretnpause. As
usual ir such studies, the number of cases =satisfying all the
selectiorn criteria was small, and aralysis has barely started as
this is written.

The results so far are very encouraging. The center of
Figure 4 displays plots of field magritude from ISEE-?1 arnd -2,
surrcunded by various spectra, for the magnetopause straddle of §
October 1978, as follows: ISEE-2, lower parel, enrtered the
magnetosphere first at 1805:50 and firally at 1813; ISEE-1
encountered the magnetosphere first at 1831 and entered firally at
1835:40. Thus, there were 18 minutes during which data were
acquired simultaneously from one satellite outside ard ore irside
the magnetopause.

Spectrum A1 at upper left shows the wave power in the
total field ir the magnetnsheath just outside the magnetopause, at
ISEE-1. The leftmost spectrum below the field plots, B1, shows
the wave pnwer in the magnetosphere just inside the magretopause,

-10-



at ISEE-2, for the same time irterval as that of the first
spectrun. The power was appreciably lower and the decrease in
power with frequency clearly much steeper inside than outside the
magretopause, begirnirg with about one third the outside power at
the lowest frequencies. At 0.1 Hz, there were three orders of
magnitude difference between the two spectra.

Spectrum A2 at upper right represents the wave roise just
inside the magnetopause, this time at ISEE-1 after it crossed the
boundary. The spectrum shows the same gereral reductinor ir power
and steep declire with frequency seen at ISEE-2 ir the same
locatinns, although the shapes of the tw» post-crossing spectra
are not idertical. Spectrum B2 from ISEE-2 conrcurrert with this
post-crossing ISEE-1 spectrum is fu-ther irnside the magretnsphere;
we see that the nronise power 1is still 1lower at the upper
frequencies, reducing the cverall slope of the curve.

Firally, spectra Gl, G2, at bottom, represents the power
on the ground at the AFGL station at Newport, Washington, for the
same irtervals as in the depicted satellite samples. The grecund
station and the satellites were both at the same approximate local
time, about 1300 LT, i.e., irn the early afternoon, With the
exception of (Gl, all the spectra show a concentration of power
between .02 and .07 Hz in the form of a plateau or peak ir the
respective curves. This rarge of frequencies has been shaded in
all the spectra of the figure.

Superposition of the A1, B1, G1 spectra of Figure 4,
illustrated at the left of Figure 2 ir Apperndix D, shows a
progressive declire in power from the magretosheath to the
earth's surface, Each spectral curve is contaired ir, 1i.e.
accourts for a fraction of the power of, the next spectrun
further up. The magretospheric spectra are well below that of
the magretosheath and are closer to one another thar to the
latter, the discrepancy being greatest at the highest
frequercies,

While we would not describe spectrum A as showing much of

a "peak" between ,02 and .07 Hz, we might describe the sheath
power as somewhat "enriched" in that rarge; certainly there is
discernible change in spectral index at or a little below .04 Hz.

=11~
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The superposed spectra give the impressinn that wave prwer dropped
rapidly and radically with distarce from the magretnpause, at all
covered frequencies, but selectively retaired a peak »f erharced
power just about where the apparent "envichment" of the
magretosheath power occured.

Figure 2 of Appendix D, right hand =side, superprses three
spectra from the =second case wher ISEE-1 was outside the
magretopause, ISEE-2 was inside the magretnsphere, ard the Newport

statiorn was below and east of the =atellite meridiar (ir the ea~ly
afternoon sector). 1Ir this irnstarce, the powe= ir the sheath (A)
displayed erharcemert ard a plateau betweer .011 ard .5 Hz, as did
also tne power ir the magretnsphe~e (B), while the corresponding
pcwer on the grourd (G) was -elatively featureless.

whether the apparert lack of resporse or the grourd in (G)
was because »f a delayed effect not yet visible, an unfavorable .
position 1n  the afternoon sector, or a poor cheice of
representatior of the surface record is still to be determired.
The inserted spectrum just below shows the power distributinsr ir
By at rewport for a two mhou= irterval ircluding the 22 minute
segment of the upper grapn; clearly, there was scme activity in
the surface field withir the 1lorger irterval ard withir the
erhanced portior of the spectrun at the satellite.

Ore possible explaration for a variable responsiveness of
magretosphere might be, as we would hope, a variable cornditior of
the sclar wird. Ar irdication that this was the case is
illustrated in Figure 5. The field plots for 27 November are at
the top; ummediately below is a plot of the cone angle of the IMF
measured by ISEE-3 some 200 Re upstream of the earth, but with the
time axis shifted half ar hour to allow for the approximate solar
wind delay from ISEE-3 to the earth. The sequence of small parels
at the bnttom shows the power spectra inside the magretosphere at
ISEE-2. We see that activity in the spectra betweer 0,01 ard 0.1
Hz varied according to whether the core angle was favorable o~
unfavorable to quasi-parallel shock structure in the subsolar
magretosheath, i.e. whether the graph is shaded or not: favorable
means the cone argle was within 50° of 0 or 180°. This
relationship appears to have been independent of the visible

-12-
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turbulence in the magretosheath field at ISEE-1, which would be a

contradiction., Quasi-parallel turbulerce shnuld be largely
transverse, however, and the waves in the sheath were mostly
compressional before 2100 and mostly transverse after 2100, Thus
the correlatior of spectral erhancemert with favorable cone argle
may be the important factor here.

Although the pattern of the power curves irn Figure 2 of Apperdix C
differ from each other, the order of descert ir overall magrnitude
is the same. For the momert, we may offer the generalizatinr that
the decade of frequency between .01 and .1 Hz was erhanced in both
our cases in some manner in all spectra examired s» far, but that

spectral peaks varied with time and positior in a way that matched
magnretosheath to magretosphere on the tw> different days.

We interpret the figures as the first presertatisn cof
direct observations compatible with the prepositinn that
magretospheric field variations in the Pc 3-4 range are derived
from field variations ir the magretosheath. The frequercy band
.02 to .055 Hz corresponds to the period range Tz18 to 50 seccrds
sparrirg tne traditioral division (at 45 seconds) betweenPc3 ard
Pcd.

We do not assert at this stage that transfer of Pc3-4
power across the magretopause has beer directly demonstrated, but
we see that minimal conditions for transfer were certainly
presert. The number and, more importantly, the variety of
supportive cases is still too small to be corclusive. What the
cases developed so far do is beg a set »f questions that sharper
inquiry and narrow the path of future investigation.

An abstract (Appendix C) summarizirg the results so far
was Submitted to the Chapmarn Conference on Waves in Magretunspheric
Plasmas held February 1983. A very condensed sumary of the early
material has been submitted to a special issue of GRL on this

conference; it is attached as Appendix D. A =econd report ;
describing the cone angle effect is in preparation,

-13-




—————————

TRW No. 36116-6006-UT-00

3.5 Quasi-Parallel Correlation Lengths

In attempting to trace the origin of daytime geomagretic
pulsations to the magretosheath and/or the shock, we must

ultimately conrcern ourselves with 1ocal properties and scale
lergths of the disturbed plasma that impinges orn the magretopause.

For the most part, the magretosheath is urkrowr territory, the
exceptions being its overall spectral behavior and the variability
of that behavior both spatially ard temporally. We begar to study
the wave scale characteristics of the magretnsheath by performing
cross-correlations of the magretic  sigratures of  the ‘j

large-anplitude waves of the quasi-parallel bow shock, usirg data
cbtaired by ISEE~1 and ISEE-2 ir the wave region durirg ar ‘
extended interval whern the tw> =spacecraft were at different
distances from each other, but including the largest separatiors
recorded so far. We fourd that the similarity of sigrals at the
spacecraft fell off rapidly as their distarce approached 1000 km.,
a figure comparable to the average Larmore radii of the heated,
secorndary ions invariably associated with quasi-parallel shnck

structure.

Apperdix E is a copy of a reprinrt of the published result. The
implications for excitation of magretospheric pulsations will
become clea~, we hope, whern we extend ouwr anralysis to a similar
study »f waves in the magnetosheath itself. We expect such
correlation lengths to be related to the uniformity, or lack
therenf, with which the dayside magretopause surface might be
stimulated by sheath turbulenrce, ]

-14-
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4.0 RECOMMENDATIONS

We carnot disguise nur erthusiasn for the recommerdatine
that every aspect of pulsation aralysis be pursued further along
the lires we have discussed. The objective basis for our advice

consists of two pivotal facts:

1. The computatinral tonls, corsisting of both hardware
and software, are substantially developed for advarced,
interactive, quartitative aralysis of both magretic ard

electric sigrals in =satellite and ground station
records. Evern charged particle data car nrow be
subjected to the same processing wherever available in
the appropriate form. Nore of this could be asserted
two years ago. Irdeed, substantial progress towavd
these capabilities has beern made within the scope of
this study, and related projects, both at TRW, UCLA,
and elsewhere are contiruinrg or ever mcre sophistocated
levels as this is written.

2. There is row widespread inrterest and acceptance 2f the
concepts and results regardirg an exogernic source of Pc
3,4 pulsatiors in foreshock sigrals, shock pulsatinrs,
and magretosheath turbulerce, ard several groups avre
actively examining this pheromenon irn statistical ard
case-by-case studies.

We believe that the happy combiratinn of circumstarces
enunerated above will shortly iraugurate the interval of high
productivity, mutual stimulation, and rapid advarce that usually
foliows such developments, and we urge that the following

features of Pc 3,4 activity be pursued:

-15-
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Power drop across the magretnpause as function of

position, time, and ambiert parameters;

Dependence of power on positinn in the magretnsphere;

Power pattern in the magretosheath;

We do mot discourt the time, effort, and resources still required
I' to characterize ary global process of the magretosphere, but we
are optimistic that correlation of the results of such studies
with the pattern of daytime power at AFGL (and other) stations on
the earth's surface will cortribute, and lead directly, tc ar
index of surface pulsations as monitor of corditions outside the ,
magretosphere and should cortribute much »of the foundation for
describing the transfer furctior of the magretosphere, at least
withirn the frequency band of Pc 3 and 4 pulsatinrs,
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orientation was favorable to quasi-parallel geometry at the
subsolar bow shock.
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APPENDIX A
A STORM-TIME, PC5 EVENT OBSERVED IN THE OUTER
MAGNETOSPHERE BY ISEE 1 AND 2: WAVE PROPERTIES

E. W. Greenstadt (Space Sciences Dept.,
TRW Space and Techrolegy Group

Redordo Beach, California 90273

R. L. McPherron, M. Hoppe, R. R. Anderson, F. L. Scarf

Compressioral Pc5 magretic pulasatinns are often observed
at the dusk meridian of synchronous orbit du-ing magretnspneric
substorms., Ar associatior with diamagretic decreases ir the mair
{.eld suggests that the waves are caused by ar irnstability »f ~irg
cur-ent protons. We are investigating this hypothesis usirg
mairetic field observatiors from the spacecraft ISEE 1/2.
Thoughout ar afternoorn sector, imbourd pass orn August 21-22,
1978, cnnpressicral Pc5 pulsatiorns were seen from the magretrpause
to inside the plasmnapause at about T Re. Ir the oute-
magretosphe~e the waves were irregula~ with frequercy nf orde-
4mHz, but on the plasmapause they became extremely morochromatic
with frequercy 6mHz. Everywhere the wave power irn the
compressional comporent was a velatively constart fraction, 80% of
the total power. The waves were polarized ir a magretic meridiar
plare with the major axis at nearly a constant angle of 20° to the
main field.

In the outer magretnsphere wave ellipticity was of orde-
0.2 while on the plasnapause it varied systematically from right
elliptical, through lirear at the pnint of maximum power, to left
elliptical. A cross correlatior between the twr spacecraft shows
ir phase variations in the outer magnetnsphere and a 12 second
delay at the plasmapause such that the leading spacecraft, closer
to the earth and to midright observed the waves first. Particle
flux modulation was observed at the plasmapause with energetic
protons in antiphase, and electrons in phase, with the
compressional component. The association of a polarization
reversal with a peak in the compressioral camponent and pa~ticle

-24-
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flux modulatinn suggests a coupling betweer field lire resnrarce
and a drift or bource resorant instability.
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ABSTRACT

A STORM-TIME DUSK PcS5 EVENT OBSERVED IN THE OUTER

MAGNETOSPHERE BY ISEE 1 AND 2: WAVE PROPERTIES

A classical, storm-time Pc5 evert (T ~ 170 sec) was recorded by

the satellite pair ISEE 1, 2 during ar irbournd, nea~ly equatsrial pass

ir the dusk sector orn 21-22 August 1978. Irregula~ and quasi-peri~dic

4
pulsatinns, possibly composed ~f several ha-monics (f ~ 2-12x1073 Hz) !
were recorded from just inside the magretopause at 11 RE tn & distance {
of 8 RE where the pulsations became nrearly sirusoidal arg disdppez-ed 1

at 7 RE just at the outside edge of the plasmapause. Compariscr of
sigrals from the twe spacecraft tnroughout the pass shows remargable !
similarity »f waveform at the second spacecraft followirg a few hund-ed
to a thousand ks (~300 sec) behind the first., This duplicatinn <f
wave forms with pericds commensurate with the spacecraft separatier
time suggests that the twe satellites were sampling slightly different
phases of the sane wave cycle. The more distant, irregular pulsaticns
were encnuntered by the tw> spacecraft with essentialy no cornsistert
delay between them, while the irnermost, regula~ waves were always
encountered first by the leading spacecraft. Cycle-by-cycle hodngrams
show nearly lirear or highly elliptical pcla-ization close t~ the
meridian plare everywhere on the inbound orbit. Durirg the last few
cycles the ellipses broadered and reversed phase just before che
oscillations termirated. The Pc5 pulsations occured during ar irterval
of satrongly southward interplaretary magretic field and substorm

activity and were accompanied by Pc1 waves at the spacecraft.

27~
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INTRODUCTION

Waves classified morphologically as Pc5 ir the records of
geomagnetic observatories on the earth's surface have also beenr

recorded in the magretosphere by =atellites, These waves occur at

gecsynchronous distances (Barfield & McPnerrcn, 1979) ard have beer
recertly classified into morning and dusk types by Kremser et al
(1931). The waves in the dusk meridiar are assnciated with substoris
and with the plasmapause (Lanzerotti et al., 1974) which is where
gecsynchronous orbiters are most likely to see them (Ba-field et al.,
1972) . There has beern 1little opporturity to examire the
storm-cornected waves ir the dusk me-idiar outside of L = 6 because
eccertric satellites pass sc rapidly through their region cf

occurrence, and do so orly durlrng certain seasons. Irndeed, only a few

examples of these pulsations outside syrchronous orbit were displayed
by Hedgecnck (1976) despite inspection of data from mary orbits of
HEOCS.

A fresh opporturity to observe these evening sector pulsations was
provided by the satellite-pair ISEE-1, 2, launched ir October 1977.
During the first season of passes through the dusk sector, ir August
1978, an outstanding evert was detected by several plasma and energetic
particle experiments as well as by the magnetometers. We anticipate
that a full characterizatior and improved understandirg of storm time
Pe5 pulsations in the dusk sector, will eventually emerge from the
treasury of data cnllected. In this initial report, we describe the
event, and its geomagnetic context as recorded by the magretometers and

plasma wave detectors, develop evidence of close association between

-28-
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waves in the outer magretosphere ard monochromatic waves at the

plasmapause, characterize the radial pnlarizatinn of the mnrnachromatic
transverse components as the profile of a resorant reginn, and directly
measure the radial thickness and detect the probable motion of the
resonance shell. We use ore of the urique advartages of the ISEE system
namely, the simultareous observations by two spacecraft close togethe~
ir the same eccertric trajectory and a third spacecraft upstream
monitoring the solar wird. This advantage has already proved its value
in studies of pulsatisns of the morring magretosphere (Sirger er al.,

1979) .
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THE EVENT IN CONTEX

Spatial context. The magretic wave sigrature for the irbourd

magnetospheric pass of 21-22 August 1978 is displayed in Figure 1. Tne
three comporents of the ambiert field measured by ISEE-1 are plotted in
GSM coordirnates (X toward the surn, the X-Z plane contairing the dipnle
axis), together with the total field magritudes B from both ISEE-1 ara
ISEE-2. The similarity of waveform, cycle by cycle, at tne locatinrs
of the two spacecraft is visible throughnut the pass. To place the
wave in context of the ISEE magretosphe~ic profile, we have ircluded an
insert of the 6ld-secord average of BT at ISEE-1 ir the uppe~ left,
where the shaded sectiorn correspords to the irterval displayed irn the
larger figure. The waves first appeared shortly after the spacecraft
crossed the magnetcpause and cortirued essentially to the plasmapause,
i; as we shall show late~. The similarity of the wave observations to
, cases described by Hedgecock (1976) carn be appreciated by comparisen
with his figures 3 and 4. The evert on which we corcentrate in this

report is the sequence of regular waves that began as early as 2345 UT,

certainly no later than 0015, ard ended at 0050. In the irsert, the

darker snading denotes this event. The dark, high frequency noise
superimpcsed on the Pc5 pulsations from about 0030 is caused by Pcl

pulsations which continued deep into the magretosphere.

The spatial region over which the wave event was observed is shown
in several conordinate planes in the various panels of Figure 2. In
each of the orbit parels the magnetospheric waves are deroted by ar
elongated box enclosing the trajectory; the PcS5 event occurred where

the inner end of each box is shaded. The asterisks on an arc of

-30-
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geosynchronous trajectory in the drawing at lower left signify the

locations of GOES-2 and GOES-3 at the time of the Pc5 event.

We see that the data were obtained near the magrnetic equator, just
sunward of the dusk meridian, from slightly inside the magnetopause to
slightly outside the radius of geosynchronrous orbit. In fact, the Pc§
event occurred outside the synchronous elevation. This is significaht
because, with the exception of Hedgecock's (1976) observation virtually
all Pc5 wave activity measured in the magnetosphere has been detected
with geosynchronous satellites or STARE arrays and attributed to
processes associated with the plasnapause. The 22 August event must
ther sigrify either an expanded plasmapause, a detached plasmapause

like boundary, or a source mechanism unrelated to the plasmapause.

The separation vector of the two satellities during the Pc5 event
is shown in the panel at the top of Figure 2. ISEE-2 was leading ISEE-1
inbound and southbound, almost in a common meridian plane, by 960 km.
The Z separation, not shown, was about 200 Km, with ISEE~-1 closer to
the equator than ISEE-2. The radial distance of ISEE-2 to Earth is of
course, not drawn to the same scale as the separation distance in this

panel.

The actual relationship of the magnetic waves to the plasmapause
in the present case can be obtained from Figure 3, where B at ISEE-1 is
plotted over a wideband spectrogram of the simultaneous electric wave
data, also from ISEE-1. Electron density is related to the observed
plasma frequency by n(em'3) =12/80, f in KHz. The sinusoidal Pc5 waves
occurred at the beginning of the gradient in electron density

associated with the plasmapause.
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Temporal cortext. The interplaretary magretic field at ISEE-3 turred

almost directly southward in GSM conrdirates at 2025, abrut ar hour ard
a half before ISEE-1 and 2 entered the magnetosphere and encrurtered
the waves we describe. The discontinuity reached the twd spacec~aft at
2108, =ome 43 minutes after it passed ISEE-3, almost simultareously
with the magretopause crossing by the =satellite pair. The upper parel
of Figure 4 shows the IMF record at ISEE-3. Followirg the iritial
irterval of almost purely southward field for over an hour, the G54 X
ard Y comporents increased, but the negative BZ continued to domirate,
and for the nrext three hours the solar wind prcvided an outstardirg
example of sustaired southward magnetic field. The magretnspheric
substorm caused by the episode of southward IMF began just befcre 2200.
The lower parel of Figure 4 shows that the bulk of the substorm as
defired by tws surface stations, coircided with the pass of ISEE-1, 2
though the outer magnetosphere, sigrified by the shaded strip, which

ended with the Pc5 event near the plasnapause.
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WAVE ANALYSIS

Frequerncy spectra. Spectra were calculated by first editing,

detrending and fast-Fourier-transforminrg the magretic field vectn* time
series. The Fourier transforms of each comporert were ther multiplied
to obtain auto and cross spectra at each Fourier coefficient. These
Fourier spectra were 1low pass filtered with a rurnrirg average,
rormalized, and plotted. The frequency resolutinrn of the resulting
spectra, defined as the distance between totally irdeperdert estimgles

is giver by

Lf = NB/(2%lest® At)

where NB = number of poirts in filter
Nest = nunber of Fourier coefficients
(half number of data poinrts)

Lt time resolution cf data (4.0 seccrds)

Spectra calculated for half hour irtervals, filtered with a 3 peoirt
running average have a resolution of 1.7 mHz. The actual location of
the frequency of peak power can be determired somewhat more accurately
than the resolution as every filtered Fourier spectral estimate is

plotted.
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Figu~e 5 displays three sets cof power spectra corresponding tn

selected segmerts of ISEE-1's field data. Each spectral parel
represents the frequercy aralysis of the time series above it, to whicn
it is referenced by the slanted lires. The first two segments ave
spaced through sections of the outer magretssphere, the last c¢overs the

heart of the pulsation evenrt itself.

Spectral power was distributed differertly witn frequercy alrrg
different parts of the trajectory, but all spectra shave two common
characteristics: Each has at least ore clea~ peak, plus ~tner lesser
ones; and ore comporent of the field car-ies mest, if not all, of the

| power 1n every peak, irdeed, througnout every spectrum. Thne secard
characteristic implies the waves were essertially linearly o~ highly
elliptically pola~ized everywhere at all frequencies. Examiratinn ~f
the 3-point spectra discloses twd domirant peaks with maxima at
frequercies, 4.0 ard 6.0 mHz. The 1lower frequency was presert
immediately inside the magretopause arnd persisted until abcut 2320 at a

i distarce of 9.3 RE‘ The higher frequenrcy sigral appeared tn be present

throughout, but its amplitude was ernlarged after 2320 ard was mixed

with still higher frequercy =sigrals of 9 ard 12 mHz. After 0000 UT
there was 3 charge in the characteristics of the pulsations which

became very monochromatic at a frequency close to 6.0 mHz. The ULF

wave activity varished sudderly about 0050. A zero crossing aralysis of
tne waveform 0uJ0-0050 1nterval gives periods around 167+2 seconds (f =
5.99x10‘3 Hz), ir agreemert with the 167-second period determired from

the spectral peak for this interval.
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Four sigrificant peaks have beern emphasized and labeled ir Figure

S; three of them at 85, 167, and 250 second periods, immediately
suggest harmonic pairs of, roughly, 4 ard 12x10~3 Hz, nr 6 ard 12x103
Hz. The fourth, at 110 seconds, suggests that the broad 250 secord
peak may include an elemert (T = 220 sec.) of arother pair, 85 ard
9x10‘3 Hz. The harmoric rumber in any of these potential sequerces
appears to have incressed with decreasing radial distanrce.
Verification of such sequerces, ard their relatiornships 7
magnetospheric geometry, will require further study, probably outside

the resclutiorn of this data set.

Pclarization. Cycle-by-cycle hodograms confirm ar extremely elliptical
pclarization of through almest the entire duration of the wave evert,
as already indicated above by the power spectra. Four examples, each
showing planes of maximal ard mirimal variarce are shown in Figure 6,
where the disturbance vectors are seen to have traced lorg, na~row,
irregular patterns confired almost entirely to the plares of max 1mal
variance.

T exanine details of wave polarizatinr duving the irbound passage
of the ISEE spacecraft, we performed a cycle-by-cycle minimum variarce
aralysis. Tnhis aralysis included several steps. First, tne erti-e
orbit was divided into intervals over which the direction of the
magretic field was approximately constant. For each irterval a
field-aligred coordinate transformation was defined using the directior
of the average field for the Z axis; a directior perperndicular to the
plane defired by the field and the spacecraft position vector as the Y
axis; and the outward field normal defired by the cross product of Y

and Z as the X axis.
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Data in each irterval were rotated from spacecraft t» field-aligred
coordirates and then bandpass filtered. The pass bard, 2-8 mHz, was
chesen to irclude the two predomirant peaks at 4 and 6 mHz revealeu by
spectral analysis. Next, the pulsatior wavefcrm was examired visually
and successive cycles of the pulsatiors were defired by arn irteractive

graphics program. For eacn interval thus defired, mirimum va~iarce

aralysis was performed to obtain prope-ties of the magretic
perturbaticn withir the pass bard of the filte-. These properties
irciuded the tntal ard comporent power 1n the pertu-baticrs, tne

apparent wave period, the orijertatinn vectors <f the pe-turbati~r

ellipse, arnd the serse of rotatinn.

Results of the foregeing analysis are summa~ized ir Figures 7 t~°
13, which show the temporal changes 1in wave prope~ties as tne
Sspacecraft ISEE~1 moved irwa~d. Tne plots begin at 2230 UT &=
ISEE-1 entered the magretnsphere and continue until 0100 wnern 1t
entered the plasnasphere. Figure 7 shows the tctal prwer in the
perturbatisn ir the top parel, and the ellipticity ir the bctiom parel,
wheve ellipticity is defired as the ratin of the miror to major axis of
the perturbatiorn ellipscid. There were three irtervals of la-ge
amplitude wave activity roughly cenrtered at 2200, 2300 ard 0030 UT (see
Figure 1). 1Ir the first inrterval of internse, long perind waves tue
ellipticity was small, indicating nearly lirear polarizatior, During
tne second interval the ellipticity waz somewhat higher, ~0.3. Ir
the third 1irterval, however, the perind of the waves was shorter ard
the ellipricity varied systematically with amplitude. As the waves
were first seern, the ellipticity was high, ~0.6. Tnen, as the
spacecraft moved inward and wave amplitude increased, ellipticity

decreased. At the point of maximum power in the parallel camporent the

-36-




r—-—-———-——————-————m

TRW No. 36116-6006-UT-00

waves were lirearly polarized. Subsequertly, as wave powe~ Jec-eased
the ellipticity again increased. However, the serse of rntatinn was
reversed as a consequence of a 180° phase change in the azimuthal
comporent, Outside the maximum in parallel power the transverse
magnetic perturbaticr was right elliptically polarized, while irside 1t
was left elliptieally polarized. Figure 38 illustrates these prints
with filtered waveform plots ard superimposed vertical lires ef
constart phase.

The upper parel of Figure 8 shows the three comprnerts at ISEE-1 in
field aligred coordinates for the key 50 mirutes of the tni-d,
morochromatic, interval. A maximum is clearly seer 1n the
compressional c¢omporent, with largest amplitude at around 0035. Tne
verticle 1lires through the positive peaks of BZ lire up with une
positive peaks of B,, but we see the aligremert is vinlated ir
comparing the Bo waveform. The detail ir the lirked parels below, from
0020 to 0040, shows that in comparison with the positive peaks of tntal
field By, the azimuthal component shifted by 1807, from corresponderce
with the ascending zero-crossings to correspondence with the descendinrg
zero=crossings with the phase of BT' Tnis 180o change ir phase was
coincidertal with the amplitude maximum of B,, ard is the expected
signature of the azimuthal component of a standing, resorant,
transverse wave. The 180° phase shift occurred over five or six cycles
of the wave; from the period of 167 seconds and the spacecraft velocity
of 2.7 Km/sec., we infer a resonance-region radial thickress of 2250 to
2700 Km, or 0.35 to 0.42 RE‘ This first direct measurement from a
complete radial pass through a magretospheric resonance agrees well
with previous thichness estimates from less corntinuous data (Hughes et

al. 1978; Hughes, 1980).
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A cumulative area aralysis has alsm been applied tn the filtered

and transformed data. In this aralysis it is assumed that the tip ~»f
the magretic perturbation vectnr projected ir a coordirate plare, ro
matter how erratic its progress, rotates around a series of ellipses as
a function of time. As the vectnr rotates, the angle of rotatinn anrd
the area swept out by the vector charge depending on the properties =f
the wave. If the perturbatinn is lirearly pnlarized reither changes. If
it is right-hard eliiptically polarized (courterclockwise ir the X-Y
plare) both increase with time. A charge ir the sense ~f rotatinn
causes an extremum ir both parameters.

Applicatinon of the cunulative area techrigue to data from ISEE-1
gives the results summarized in Figure 9. The three traces show the
cumulative area, cunulative rotatior argle, ard the instantarenus wave
power (amplitude squa~ed) as furctions of time for the first hour of 22
August. The amplitude resonance associated with the phase reversal ~f
B , although rot obvious in either trarnsverse compcrent alone, appea s,
as expected, in their combired magretic perturbatinn vectrsr, i.e. ir
the wave pcwer perperdicular to B, b.L = br+ b,, plotted as the
dotted curve in the figure. Twice each cycle of the perturbatiorn this
vector passes through maxima ard mirima corresponding to times of
aligrmert with the prircipal axes of the ellipse. If the perturbatinr
is lirearly polarized the vector varies between zero ard some prsitive
value. If it is elliptically polarized it varies betweer tw> positive
values whose ratin is the instantareous ellipticity of the
perturbation. In Fig. 9, the oscillating, trarsverse wave wmagritude is
seer to have reached a sharp peak betweer 0030 and 0040 exactly wher
the cumulative area arnd angle swept out by the rotating b (solid

curves) reached their maxima, indicating that the transverse power
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mmaximized wher the sense of pnlarizatior reversed arad each cycle's
pclarization parameters began to be subtracted from the cumulative
totals. Note that the slope of the rotatiorn argle trace gives the
irstantaneous wave period. Approximatirg the average slopes by straight
lire segmenrts yields an iritial wave perind of 150 sec., followed by ar
interval of wave perind about 180 sec., and a post-reversal pericd of
about 190 sec. The average of these perinds, weighted by the lergins
of the irtervals used to evaluate each slope, is 170 sec., clnse t° the

167 sec. peak of the spectrumn computed over tne whole irterval.

It is evident from the argle and rotation traces that at tne
beginring of the inrterval the perturbatinn was right-elliptically
pclarized (positive slope). As time progressed, the polavization becane
more and more elliptical urtil at 0034 UT it was exactly lirea-.
Subsequertly the polarizatior continued to charge, becomirg left-narded
throughout the remazinder of the interval.

Resorarce offset. A similar aralysis of ISEE-2 data pr~duced the

results plotted in Figure 10, but with a time-cffset acccurted for by
this spacecraft's earlier arrival ir the resonance shell. There was
alsn ar offset of the maximal amplitude at ISEE-2 from the maximal
cumulative argle seern by the same magnetometer. However, since twc of
the b-max excursions (semi-major axes of bl) correspond tc each wave
period, and the two spacecraft crossed the resonance about half a
perind apart, the absolute magritude recorded at either satellite was
highly sensitive to the wave phase at which the satellite chanced tn
arrive: ISEE-2 probably missed the actual corjunction of the two

max ima.

-39-




TRW No. 36116-6006-UT-00
The polarization reversal was observed earlier at ISEE-2 than at

ISEE-1. Figure 11 expnrses this poirt by superposing the area arg argle
traces from the tw> spacecraft. Poth parels indicate that ISEE-2
encountered the polarizatiorn charges about three minutes (180 sec.)
earlier than ISEE-1. As mentinred before (Fig. 2), ISEE-2 led ISEE-1 or
the trajectory and passed through spatially localized features first.
At the time of this event (70037) tne spacecraft were seperated
radially by 830 km. The delay should have been ~325 sec. at a satellite
velocity of 2,7 km/sec.

It thus appears that ISEE-1 encountered the pnlarizatinr reversal
ea~lier, i.e., furtner out, thar it should have if the rescrarce shell
were localized and statinrary. One explaraton of this discrepancy is
that the resonarce region was moving radially. Of course 1if this
explaration is valid, ther the estimated thickress of the rescnarce
reversal from either satellite would be too small, sc 0.4 Re wsuld have
to be regarded as a mirimal thickrness, ard double this value would rot
be urreasonable.

Wave offset. Returnirg to the lower parels of Figure 8, filtered
waveforms from both ISEE-1 and ISEE-2 are plotted, which illustrate the
character of the instantareous nffset, that is, the delay betweer the
tw> records of the waves. The offset was virtually corstart at ar
observed value of abcut 12 secords betweer the twd sigral records. The
offset i= clearly visible ir the BT plot but is lost temporarily from
Bo during the latter's phase shift, whern the ISEE-2 =igral actually
vanished for one cycle. Physically, this offset means that ISEE-1,
following ISEE-2 inbound, recorded each cycle of the wavetrair .072
period, or 26° phase behind ISEE-2, where we have taken the average

wave period as 167 =seconds.
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Kadial irvariance. The overall histo”y of the time offset ir the tw

sigrals is displayed in the bottom right parel of figure 12. Quartity
at derotes the delay between detectinn of the same wave phase at
ISEE-2 and ISEE-1, as drawn irn the parel at bottom left of Figuve 12.
We note there was esentially no measurable delay ir phase between the
records of the two magretoneters ir the outer magretosphere until absut
2330, wher At attaired values of 8 to 16 sec., which cortirued until
the ernd of the inrterval. We will discuss this property agair late~.
The sketch at upper left defires angles 8 and ¢ which characterized
the polarization ellipse ir the magretic meridian plare. The th-ee
parels irdicate clearly the relatively corstant pola-izatinon of the
waves thoughout the irbound pass: The perturbatior ellipse was almsost
in the me~idian plane before 2230 and after 2330 (® - », 180°) and tne
major perturbation was close to the nominal B everywhere (8 -10 t~
20°). The switch of @ betweer 180° ard 0° at about 0005 is ar a-tifact
of the polarization code corventinr ard has ro physical sigrificance.
In gereral, deviatiors from the comnon values of 6, @ just described
occurred when the filtered wave power was low (Figure 7); that is, when
wave activity was mirimal; so the commor values truly represent almest
fixed wave polarization during the three hours depicted. The majcr
exception was the 0 oriertatinr of about 2u0° durirg irregula- waves
between 2250 ard 2330.
The plots of figure 12 illustrate one of the striking characteristics
of the events of the 21-22 August pass; namely the terdency for most
wave parameters to remain rearly constant in the data regardless of the
location of the spacecraft. The argle @, for example, took little
notice of the charge in phase delay at 2330, and angle @ was
substartially the same at the beginning of the interval as it was

during the last hour and a half.,
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These characteristics are als» apparent in Figure 13, wheve the
cycle-by-cycle phase delay is rep-oduced in the first (top) parel for
comparisor with other parameters. The =second panel presents the
cycle-by-cycle period of each measurable wave cycle withirn the passbard
of the 2-8 mHz filter. Two horizontal dashed lires correspording to the
tw> predominant peaks ir the power spectra are drawn at periods of 250
and 167 seconds. We see that the irstantarecus periods at 100, 160 ara
250 secornds terded to recur while the ellipticity ir the thira parel,
replotted from Figure 7, was effectively stable betweern 0.1 and 0.3.
wher sigrificant power was present, until ~0000 UT. The bottom parel
shows ever more emphatically that the compressioral wave prwe” P | was
a substantial fraction of total power (P{]/PT 0.58) almnst everywnere,
indeperndert of the interspacecraft phase delay (top parel) or tne
perind (second parel). Thus throughout most of the inpound orbit ana
particularly during the intervals cf high activity, roughly 80% =f tae
power ir the wave perturbatinn was pavallel to the ambiert field.
Conversely, transverse power P_.L was typically less thar 20% »f the
total power. We see further that the low ellipticity was independert
of the wave perind domirant at way particula~ time.

The foregoirg observations argue that the wave phenomera
encountered by the tw> spacecraft shared commor properties essentially

indeperdent of radial distance within the narrow meridiaral sectcr

sampled in this case.
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WAVE REGION

Surface observations. Magnetograms coverirg the interval of ISEE's

irbound pass have beern collected from the Air Force netwi k, whnse
Rapid City, South Dakota (RPC), ard Camp Douglas, Wiscomsin (CDS),
stations were at almost the same local times as the ISEE pass. Waves
of irregular waveform and long period were recorded at all statiors,
but were most promirent betweer 2330 and 0100 UT at the RPC, CDS, ard
MCL (Mt. Clemens, Michigan) locations ard appreciably reduced at
Lompoe, Sudbury, and Tampa both west and east of ISEE's meridian.
Identificaticn of these waves as beirg the same as those found in the
outer magretosphere will require detailed spectral, polarization, and
prcpagation aralysis of digital data from these stations, Specifically,

periods of 140-160 sec. appear to have been present.

Geosynchronous observations, As described in the lower parel of Figure

2, the GOES~2 and 3 satellites bracketed the local meridiars of ISEE's
trajectory. Each spacecraft recorded sharply defired bursts of

pulsatiors, but at periods of royghly 60-80 sec, quite differert from

those seern by ISEE, with two exceptions: GOES-2 detected some radially
polarized waves of 215 seconds perind, and longer, betweer 0000 ard
0300 UT, and GOES-3 detected some 162 sec compressional waves for over
an hour, betweer 0210 and 0340 UT, as it passed through tne meridians
where ISEE had been before it entered the plasmapause. Here again,
computer analysis will be required to decide whether the same
phenomenon seen at ISEE was in progress as GOES passed the dusk

meridian. For tne present, twd> circumstances are clear: No observationr
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poirt tw» hours or more away fran the local time »f ISEE recorded waves
obvinusly similar to those at ISEE, and the waves appa~ent at

geosynchronous elevation around 0300 UT had not been present sho-tly

after 0100 when ISEE passed the radial distarce of synchronous o~bit,
We thus conclude that the Pc5 pulsations were spatially located,
{ confined to about 30° of lorgitude centered on, or an hour west of, the

dusk meridian.

-44-

Y




TRW No. 36116-6006-UT-00
SUMMARY

Our iritial investigatior of the storm-time, dusk pulsaticr event

observed by ISEE-1 and ISEE-2 orn 21-22 August 1978, has disclosed the

following properties of the waves compnsing the event:

1.

Monochromaticity (T ~ 167 sec) in strorng field and dersity
gradient at the edge of the plasmasphere;

Dominant c¢ompressional comporent;

Well defired, classical resonance of the comprrent

transverse to B, with radial thickrness of about .5 RE;

. . ~ s} .
Essentially constant phase difference 26~ between
spacecraft measuremenrts of moncchronatic  waveforms

surrourding resonance;

Irregular waveforms betweern the magretcpause and
plasmapause, with spectra sugzesting comporerts
harmorically related to each other ard to the
monochromatic segmenrt;

Cornfinement to distant magnetospnere (outside plasmasphere)
and limitation ir lorgitude;

Resonance offset between spacecraft  measurements
incompatible with static resorance location.

Commor paraneters of phase, Jdirectinrn, and power throughout
the data interval.
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CONCLUSION

This phase of our investigation has expanded our cnrcept of the
region of the magretnsphere involved ir the pheromerolngy of a rescrant
pulsation at or near the plasmnapause. The radial dimension »f our
observations was some 4 RE’ greater thar the roughly 3.4 Rp arc of the
30° sector in which our evert seemed to be confired. The magretic
perturbations observed during the radial traversal of the dusk
magretosphere described in this report formed a complex wave evert
consisting of both compressioral ard transverse waves. These waves
were cooupled to each other, and wave activity ir the oute~
magnetosphere appeared tc be related to monochromatic waves asssclated
with the anomalously distart plasmapause ercountered at 7 tc 8 RE-

A classical transverse resorance sigrnature was found within the
monochromatic segment, but interspacecraft compariscn suggests the
resonance was moving outward, possibly because the plasnasphere was
itself expanding. Overall eviderce of coircident compressioral ard
transverse maxima poirts to cornection of the resonance with more
distart wave activity, rather than to a manifestation of a pu-ely local
instability. Thus studies of pulsation resonarces reccrded by
geosyrchronous satellites are necessarily incomplete without a
concurrent picture of the outer magretosphere.

We expect future combiration of the magretometer data with
electric field and charged particle measuremerts will determire the
direction of propagation of the various wave components and delireate

the most probable wave source or sources.
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FIGURE 1. Time history of pulsations recorded by ISEE 1
and 2 during the inbound pass of 21-2¢ August
1978. Relation to geomagnetic field gradients
shown as shaded section of insert.
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INTERPLANETARY MAGNETIC FIELD
AND AURORAL 20NE MAGNETIC ACTivITY
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FIGURE 4. Upper; interplanetary field history surrounding
pulsation pass (shaded) showing southward 8,
(third curve from top). Lower panel: two
corresponding magnetograms showing substorm
coincident with pulsation pass.
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TRANSFER OF PULSATION-RELATED WAVE ACTIVITY ACROSS THE
MAGNETOPAUSE: OBSERVATIONS OF FAVORABLE CONDITIONS
BY ISEE-1 AND 2%
BY
E. W. Greenstadt, Space Sciences Dept., TRW Space & Techrelegy Group
Redordo Beach, Califorria 30278
M. M. Mellott, R. L. McPherron, and C. T. Russell, Institute of Geophysics
ard Plaretary Physics and Department of Earth and Space Scierces

Uriversity of California, Los Angeles, Califsornia 90024

AND

H. J. Sirger, ard D. J. Krnecht, Air Force Geophysics Laboratory

Harscom AFB, Massachusetts 01731

A variety of loose statistical correlations have long been
established betweer Pc 3,4 and solar wind parameters, indication
that these pulsations occur only when corditions prevail. It has
also beern showrn in earlier satellite data that wave power ir the
magretosheath varies from sample to sample, but tends to display
differert rates of decline with frequency above and below the
typical proton cyclotron frequency broad spectral peaks for f <

fp. No spectror link betweern wavetrains ir the sheath and Pc 3,4 ‘
has ever been proved, however, althnugh the possibility that !
foreshock waves, which resemble pulsations, might be tranamitted
all the way through the shock, sheath, and magnetosphere to the
ground has beer asserted, and a model correcting the level ard
distribution of turbulence in the bow shock and sheath with solar
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wind parameters has been qualitatively corfi*med. The obvinus

question, regardless of model credibility or broad statistical
cornections, is whether wave erergy is demonstrably transferred nr
even available for transfer across the magretopause in any
particular case.

We are investigating the properties of waves recorded by
the magretometers of ISEE-1 and -2 whern the spacecraft were
simultareously on opposite sides of the day-time magretopause, a
configuration we desigrate as a "straddle". We have fourd a few
straddles in which power spectra imnediately outside the
magretopause could be compared. Particular spectra ir the sheath
displayed spectral peaks or shape charges between .02 and .06 Hz,
while some, but not all, concurrent spectra in the magretnsphere
showed peaks within the same frequency range. At the same time,
spectra of wave measuremerts made on the su-face at mid-latitude
AFGL stations determinred that Pc activity was alsc presert withir
the same frequency band. Power was radiacally reduced, i.e. by

half to three orders of magritude, across the bourdary, deperdirg
on frequercy, but concent-ation of enre~gy in the Pc 3,4 rarge
stood out in most spectra inside the magretosphere. There was a
visible tendency for power levels to decrease with depth ir the
magretnsphere, although orly by a fraction of the large d-=p
across the magnetopause. The spectral maxima in the magnetnsphere
do not seem to have represented local resorarces.

The results show that when pulsations were presert or the
ground the magretosheath was delivering wave erergy t» the dayside

magnetopause over a range of frequencies including Pc 3,4 and that
the dayside magnetopause field contaired waves in the same ~arge
ir its outermost region, well beyond the distarce at which

resonance of the lowest harmoric would have beer expected at the
observed frequencies.

®Abstract submitted to Chapman Cornference on Waves Ir
Magnetnspheric Plasmas
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APPENDIX D

TRANSFER OF PULSATION-RELATED WAVE ACTIVITY
ACROSS THE MAGNETOPAUSE: OBSERVATIONS OF
CORRESPONDING SPECTRA BY ISEE-1 AND ISEE-2

by

E. W. Greenstadt

Space Scieﬁces Department
TRW Space and Technology Group
Redondc Beach, California 90278

» M. M. Mellott, R. L. McPherron, and C. T. Russell

Institute of Geophysics and Planetary Physics
University of CLalifornia a2t Los Angeles
Los Angeles, California 90024

H. J. Singer and D. J. Knecht

Plasma, Particles and Fields Branch
Air Force Geophysics Laboratory
Hanscom Air Force Base, Massachusetts 01731

March 9, 1983

Submitted for publication in Geophysical Research Letters
[special issue on Chapman Conference on Waves in Magnetospheric

Plasmas)

Bldg R-1, Rm 1176
TRW Space and Technology Group
One Space Park
Redondo Beach, California 90278
(213) 536-2015
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Iostrect. Comrricon cf Pover epectre cf
racictic ficlu date tror ISTI-1 end -2 reccrceed
sirclzencouzly on both sides of the rocnctonzuce
showed that mover level inside the rennetosplere
viried vwith pover level outside ir the mocne-
toshcoti end suaocstod tlet te sz e frecuencies
vere enhanced o the twe sides ¢f the bouncary.
Pover levels wicre two to t.ree orcers of reoni-
tuce lovver inside than ouisiaec the racneto-
ephere, indicating that weve encrcy weae
trans-itted inside {rorm the sheczth.

T RODUCTION

5 opercictent and sienificert, althcuch wveal
and disordcred, corrclation between golar wind
proncrties and Gatime cqeorannetic pulsation
&ctivity in the Fc 2,4,5 rerce, pcrmc’., T=10 to
S00sec, has been ectablicshedé by many reperts, cf
vhich weo cite a samling lPol slakova  and
Ttoitekaya, 197¢; Cul'elri, 197¢; tebo and OCrr,
107€; Scito et al., 1979; Crecnstocdt et el.,
1979; tolfe et 21., 1°60). Tlese correletions,
tocether with the need to understand pulsaton
phercmena in General, heve also led to 2 nurber
of rnodels attempting to explain the observations
[Southwood, 19%€€; Greenstadt, 1972; Vinogradov
and Parkhomov, 1974; Chen and Hasecawa, 1974;
Kovner, 1976). DPoth observation anc theory have
becen concerned with the sources of the waves,
the modulation of the waves by the complex media
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throoch which they travel, and the contrcl of
wave propoerties cirectly or indirectly Ly solar
vind corditions., A rore conrrchencive surtiry

\ and reference list cen be found in a peper by
Greenstadt et al. [18G0).

Feczrélecs of the smccifics of either
mnoCrls eor otcervetions, however, thire arc, in
the most general terrs, three poscible sources
of pmlsztions ir the r&cnetoschere: lavec are
produced incide the racnetosni<re, waves enter
the magnetosphere from the nacretocheath, or
woves evnote from tlhe bouanderv surfece sepzrat-
inc the raonetoshczth anc¢ the meanctosohere
{i.e. fror the racnetonzuse). Yone of tresc

scible sources excludes either of the others

but certeinly if waves enter the rmagnctoscheore
froo outside, they rust crece the bouncary some-
vhere at some time, and it chorld be mosesible to
crranlish by olzervation & rhyveice2l sirilzrity
betvesn woves detectel  eginmultarcoucly on botl
cides cf the mecretovause. This itg the awrroach
ve pursee in the presert studv; the preliminary
reselts reperted here  scpport the trensfer of
veve enercy invard frer the racnetechozth to the
r2anctosphere.

l'e Gefine &s & "streddle" a citurtion in
vhich one spacecralt is o on2 siae el the nec-
nctopsuse and @ gecond is o tle orpocite eide.
The 1S8FC-1 and -2 sztellites provided meny such
stradcle crossings, but ve hove concentratec on
the raaretometer data of 1578, wheh the spoce-
craft vere sepsrated by hundrecs to thousands of
km for several months, oiving straddles lona
enough for unequivocal analyses of waves with
periods up to several minutes. Our ameroach irs
to corpute concurrent pover spectra on  both
sides of clearly cefined raonetopazuse crossings
anG to seck similarities or diffcrences in the
stectra fror. the two spacecraft. Ve reauire rca-
sonably .continuoue dsta frem both satelliter
ovcr rinirmal intervals of 15 minutes anc prefer-
2hly ruch lorger. Ve fourd four potentially
gustable stradiles of which we have developed
tvo for this preliminary report, supplerented by
two sincle-spacecraft crossings, as explained
later. Ve prescnt only spectra of the total
field magnitude at this time, derived fror vec-
tor sarples every two seconds,

DATA
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The two ceces we describe occurred on €
October and 27 lioverlcr 1576, Tne & October
croceino occurrcG in  edrly afterroon, the 27
ovenier crossing in lete morning., The daytime
surfece field for our ceses was measured by  the
NPCL cround strtiors in a sector smannire the
United States necr 55 decrees maonctic lztitude.
Croand ztotion cCote procersced for this renort
vere recorce by the lMevnmort station at the
western edce cf the sector, which fell befere
arnd after noon during thc tvwo intervels of
irterest, so thet the merning-afternoon local
tires or. the ground vere reverscG fren those of
our croscincs at the macnctonavse. e used
crcund stetion date &s & rocuch ouide to the
presence of traditional nulsations or the
Ground, since it is waves relzted to thc orioin
of such pulsctiors thet we wish to be stuc:ina.
Tre two stradcle intervels of this report tocok
rlace during I'T conditicns  favorable to the
presence of enhercec vave activity in the suusc-
ler recnetozhrcth corvected froo ccaci-persllel
bov: shock structure.

Pouer spectrz preconted in dhie stedy  were
celculated with the fast Tovrier transfcrm.
Fio:re 1 placec one spoctru, cotteC curve, on
the sae scales uced by Feirfield [1975) o
cisglay the characteriztics of racnetoshezth:
racretic noice from geveral eposecraft. The
dottec curve is a pover spectrun for the totel
arbient field recordeC by 1S8TE-1 irmcdietely
ocutcide the macnetodcuse on £ October. Al
spectra ere for the totel field meorituds;
details of the eorlier spectra can be found in
Fairfield's review lop.cit.]).

Th:e ficure illustrater four principel
poirte: noonctocheath espectre  typically  show
either an enhancersnt or a slope chanoe, or
bcth, at or below the 1ozl rroton eyref{recuency
(highlichtec by thc deghed lineg); second, .2e-
nctosheath gpoctra erc hichly variahle, beth in
abcolute powcr level and in the frewuencier that
right be enhenceé in any porticular sarrple;
thir¢, spectra teken frcm 1SN otz vears later
are rezconzhly reprecentative of the saw vave
beliavicr thist preveiled during the earlier meae-
urcnente,  Fourth, ang moct intortantly for this
rcport, spectra obtzined frerm ISTE close to the
rmecnetopauce 8o not cppear to definc & special
region in any way unrepresentztive of the maone-
tosheath at other locztions.
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Ficure 22 is an exxrple of our first straé-
dle case. The upper percls of the fioure cCigplay
plots of field racritude frer 18ZP-1 end ISTF-2,

| for the reanetopeuce croscina of 8 October 1478.
| I1sCF-2, lover field plot, entered the recncoto-
srhere first a2t 1005:50 and finally zt 1013;
1STE-1, top, encountercé the Tecnetosohisre i
leter, iritially 2t 1£3) and entered finslly et ?
1225:4C, Thwr, there were 18 rninutes durine ‘
vhich €=ta were accuircec sincltancously fror. onc

setellite cteside and one ircide the racneto-

pause. A

Soectrir A chovr the wveve power in  the
totzl {icld ir the racrcetocheath just cutside
the macnetopzuce, at 1SEF-1. The next spectrum
below, B, shows thc wave pover irn the ragneto- ,{
zprere just inside the macietodcuce, at  1SCE-2, ‘
for the same tirc irtervel ec thst of the first i
snactron, The povir wege  operecizlly lover and i
e Getrecse in pover win frecucncy cleariy
much stecter incidc then ovtcicde the racneto-
rcuse, beeimnine with abeut crne thiré the oct-
sidc pewer at thic lowocst frecuencicc. At C.1 He,
thcre wore thres orders ¢f racnitude €ificrence
between the twe scectra.

Smectric G, &t kottor, rerfresente the pover
on tie croand at the IFCL siation &t levpert,
tzehincton, f{er the sxe intcrvzle eas in the
Gcricted sgatellite saplec. The ground stétion
vae & few hours vest of the satellites, about
locz) noon. The shaded vertical strime in the
speciral panele drav attention to the  enhance-
merts in power at the satellites and on the
ground thzt e2ppear to bind wave activity
tocether in the inner macnetocheath, the outer-
roct racretosphere, anc at the earth's surface.
All the srectra show some concertretion of power
betweern .02 and .07 Bz in the forr of a plateau
or peaks in the respective curves,

ettt e — R

Figure 2a shows a progrecsive decline in
povrer from the magnctochesth to the earth's sur-
fazce. Lach spectral curve is cortaineg in, i.e.
accounts for a frection c¢f the pouer of, the
next spectrur above it. The magnetospheric spec-
tra cre wcll below that of the roanetosheath and
gre closcr to one another then to the latter,
the discrepancy being greatest at the highest
frecuencies.

Figure 2b superpoces gpectra from a second
straddle case on 27 hovember 1978, when ISEE-]
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was just outcide the macnetorzuse. ISCE-2 was
Geeper incside the maonetosihere, havine ertcred
at 200C 7', tlen it hed been an 6 Cct., ané the
Nevport stetion was below and east of the sztel-
lite meridian (in the ezrlv afternoon sectcr).
Ir this irnrtance, the pover in the shecth (A)
disclaved enhencewrnt and o pleteau betwcen 011
ané .CGF I'z, ac @ié also the pover ir the roone-
toschere (B), vhile the correcmendine power on
the around (G) wec relctivily feztureless, bt
ecsentially at tie sarme level as ot ISTR-2.
thether the amrerent lack of frecuency enhance-
nent on the cround at this time was hecause of a
deleved effect neot vet visihle, a2n urnfazvorable
pocition in the afternoon sectcr, or a poor
choice of representetior of the surface reccrc
is still to be deternined. The srall oreph &t
the bettor chowe the pover distribution in By et
I'evort for the loczl noorn and afternoon  inter- ‘
vel incluline the 22-mincte scemernt of the umoer
araph; clecrly, tlere was some activity in the
surface field within the loncer irterval and
vitlin the enharnced portion of the spectrum at
the sctellitez., The cttenuction of weve pover
ecrocs the necnctoprucse is obvioue hore, as  in
the rrevious case, but we a2lco see that thc fre-
cuercy rerge of erharceenrt vas shifted to some-
vhat lower freciencics, iroell locctions, then
ir the cese of [ Octomer, & indicoted by the
shalino ir Ficure 2.

The meanctochesth spectra of € Oct. and 27
Fov. ¢re supcroosed in Fig. 3, showinc that the
pover of the 27 liov, spcetruni pezhed at  lower
frecuency and drepped mere  rapidely than the
pover on B8 Oct. This difference corresponds to
the slichtly different reciornz of the frocuency
ecale thot scemed to be chow enhanced pover in
the maonccphere, as shaded in Fiocure 2 . Unfor-
tunztely, the absclute power levels in the mac-
netoshezth in the two cesce erarined above did
not differ ampreciably frcr each other, consid-
ering the wice rance of power exhibited in the
curves of Ficure 1. In order to study whether
power inside the raanctorphere ic related gon-
erally to pover in the maenctoclcath, it was
nececssary to exandine nonstradadle cases. (i the
prerise that the gheath spectrunm remained sub-
stantially unchanocd fror: one interval to the
next over an hour's timc, we sclected cases with
sicnificanrtly different powcr levels and com-
pared spectra before and after maonetopause
crocsing, rather than sirwltancous spectra on
opposite sides of the boundary. Corresponding
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roonetesheath  and maanetosphere spectre  are
supcrpoced  in Figure 4 for threc days, €
Octobcr, and 10 and 17 Scrterber 1978, The €
October curvec are elreadv farilier, The new
ores show that prooressively lower pever ir the
cheath corresnonded to proorecsively lover oover
ir. the racretosoheore, suoacctino, with these few
cures and the necesscry ecsurption of stationor-
ity on the 10th and 17th, that the pouvers inzide
and outcide the nmaonetopsuse were directly
releted.

SUITNY

The dzta presented above rev be suTerized
as follows, with the uncderstanding thzt we refer
ecsenticlly to the frecuency range 0,01 < £ <
0.1 Bz (periods 10 < T < 100 sec.):

The power within the racnetocheath was
10 to 1000 timece the pover in the rac-
netosohzre;

The pever vithin the racretoeplizre woried
lece ther & fector of 10 fror. the nacrneto-
rcuce to the surface;

Tie pover level inside the macretocolere
cerrclated oversll with pever level outside
the raonetodause;

The frecuency of power erhancerent in thc
necnetosplicre apy<ared to shift with the
frequency of pover enhancerent in the mac-
nctoshcath,

Ti.c poier cutside the recnctopsure emwrcd
to be rerresertétive of pover ir the roore-
tocheath generzlly.

In addition to thc foregoing, we have fourd evi-
dence that the variable presence of & frocuency rance
of crhernced power in the maanctocheath was correlated
with the varichle presence cf an L''F oricentstion
favorable to thc occurrence of cuazi-porallcl  struc-
ture ir. the bow shock arounc the subcelar point. This
result will be treated in a sepzrate report.

DISCUSSION

Similarity bctween spectra in the macne-
tochcath and ragnctosphere mcy be explained,
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excludino coincidence, in the threc vave defincd
ir. the IITTTODUCTION, The okscrvetiones listed in
the SUMIANY sucoest that internal raonctespleric
crigin wmov  be excluded from conzidGerztion
because of the hicher power observed outcide the
boundzry. licrecver, & prircipal criterion by
vhich v selected cotes vas the cppesrance of a
clear macnctoncusc alleving uc easily to Geter-
rine that ocne spececraft wer inside, the other
outsice the boundary. This would elirmincte wav
propacztion ocutward alone {ield lines locellv
irterconnecting the solar wind to the racneto-
splere.  In fact, we hove cgstellished thet  in
ore cace the boundary wae well atoroximzted by 2
tancential discontinuity.

Surfece vzves ere ax unlikely explanction
beczuse of the overvhelmine power ir the mecre-
tostezth comared to the mcnetosphere., The
nuvezt  calceloitiorns ef surfsce vone effccis Do
asa Zivelson, 1€12) recuire that the rasnotic
vave pover irside the boundary evceod that out-
cide, oppocite our resulte. Mlso, the frecuven-
ciez erpectes fer surfoce voves tond to ke lower
tron these with vhich we heve heen dezline,

e conclude therefore that our prelindrary
results  are  conristent with exterrél vave eori-
oin, cpzcificzlly with: theo trasmsfor ¢f a small
fraction of racnetccheetl vove pover, rossibly
acrive¢ frem quasi-pirallel cshock structure,
into the magnetosphere to eppelr as woves in the
Pc 3-4 range.

The esserted comonzlity of  frequency
enhancerent ecrose the boundary, as illustrated
here in Fioure 2, is sthtle ot best. This is
Lordly serorisine,  since we cre Cecline with ¢
clobal phenorenon notoriouslv elusive to shorply
Gefired correlctions, which we chance to sarmle
as & fow straddles et o fow pointe in spece. Ve
cheer the two erzmles here as the rurest stred-
dle ceses. Other espectre, with more persuasive
enhancement profiles, were obtained in dztz con-
texte requirino rore exposition thin covld be
include¢ in this lctter end will be the cubject
of a separcte report. The  corponert-by-
comporient details of the trarncicr process, the
globol picture describing vhere the most  effec-
tive trarcfer takes place, and¢ the pithvays
wvhereby broccbond enercy in the raenctosheath is
recorGeG as morochroretic pulsations in the mag-
netocplere rerain to be deterrined.
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Ficire 1. An ISTL-1 racnetofhecth  spectrun
cutoinsd neer  tic  ragretonzus: (Cote), super-
pcoet on ¢ sclectien af cpectra from earlier
spocecraft in the ragnetocheztl:.

Ficvre 2. lognetic field mecnitucc reccrds  anc
.-..-z._r;c..ed eroctre fer two cases of ISTE-],
1crz=2 ccradCles ef  the rocrctomeutes  fad €
Oct., (b} 27 Tov., 1€78; ., B, &l C zicnify
Fpectra fcr t) ¢ indicr ced intervels ot Ito0-l,
16007, and tie PRCL MMasort crours. rtzticn, Tie
incert ut better richt cover: ¢ loracr  intersl
Lt Uwwmort, @5 rotea,

Ficurc 3. Supcrrnoccé rngnetosheatl: gpectra  Irex
& 0ct. anag 27 lov.

Tioure 4. Superposed porer  soxctra for three
differert pover levels irn the raonctoashesth and
ragnetosphere on three different cCaye.
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Figure 2. Magnetic field magnitude records and

superposed spectra for two cases of 1SEE-],

ISEE-2 straddles of the magnetopause: (a) @8

Oct., (b) 27 Yov., 1578; A, B, and G sicnify.
spectra for the indicated intervals at ISEE-1,

1SCE-2, and the AFGL Nevport cround station. The

inscrt at bottor right covers a longer interval

a2t Newport, as noted.

|
| 3
!
|




TRW No. 36116-6006-UT-00

4
AES

3 2 -1 0
LOG (1)

Fioure 3. Superprosed magnetocheath spectra fronm
8 Oct. and 27 Nov.
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Abstract. Wide separations up to more than

1 Rg between ISEE 1 and 2 ouring the second half
of 1978 have been used to measure the correla-
tion length of magnetic pulsations in Quasi-
pa-allel shocxs, When the two Spacecraft were
less than a few hundred km apart, magnetic
osciilations measured by magnhetometers on both
spacecraft exhitited virtually i1lentical wave-
focras, but at distances of several thousand km,
the twd time series of field variation shiwed no
detailed similarity at all. The correlation
coefficients of the pulsations dropped from
close to 1.0 for spacecraft sepa-ations of less
than 100 km to 0.2 for separations of greater
than 820 km. A correlation length of several
hundred kr may be related to the gyroradius of
return protons with energy typical of the peaxs
of diffuse and bear ion distributions,

Introduction

Simultaneous measureaments by two Or more
instruments at different locations within the
Eartn's bdow shock and foreshock regions con-
stitute the essential tool for distinguiishing
temporally from spatially varying structures,
So far, snalysis of data from the sastellite pair
ISEE ' and 2 has emphasized the m.tual consis-
tency of their measurements. Indeed, one of the
striking features of the esrliest dats from the
sagnetometers of ISEE 1 and 2 was the detailed
sisilarity, under normasl conditions, of wave-
trains at the two vehiclies even in the h.ghly-
irregulsr, large-amplitude perturbations ¢f the
quasi-parslile)l shock, of which exatples are
shown in this report. A highf, of course, even
the quasi-perpendicular profile differs from one
spacecraft to the other [Russell and Greenstadt,
1976). Signal correlstion, because of 1its
obvious application to timing the wotions of
waves and boundaries detween the satellites, has
therefore received such attention, and, in fect,
one study has successfully defined propagation
vectors end velocities of ULF weves in the
foreshock (Hoppe and Russell, 1980; Hoppe et
81., 198'). The 1lieits of correlation are
equally of interest, however.

In contrast to most of the sarly data from
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the ISEE project, which were obtained when the
satellites were close together (i.e., within a
few hundred km of each other), the data from the
second half of 197§ offer the first opportunicy
to examine directly the extent of signal corre-
lstion, hence spatiai variation, in the local
plasma environmert when the twd s;pasecraft
passed through bow shocok distances 3t varying
separations up 1o several thousand «x=. Tras
report presents the first documented change of
correlation with distance for s magnetic con-
stituent of the shock structure and discusses 3
possible relationship of correlation lengtn to
ion gyroradius. Qur examples are al. Qquasi-
parallel, by which we mean the angle between the
interplanetsry magnetic field and the local
mode]l shock normal was less than about 50° and
large-amplitude field oscillations |were
recorded,

Variable Correlation

Figure 1 offers a visual displsy of the
veriations in wave correlation observadble in the
running 12-second averages {(plotted every four
seconds) between ISEE 1 and ISEE 2. In 1(a),
the two traces of magnetic-field magnitude
exhidit almost identical waveforms., Moreover,
the similarities of changing field pattern
occurred in both the ULF foreshock waves (e.g.,
around 0015 and 0030) end 4in the larger-
asplitude waves snd pulses defining the outer
edges of the quasi-parallel shock structure, as
seen Detween 0020 and 0024, The fidelity of
wave duplication st the two spacecraft persists
st higher resclution, illustrated in Figure 2,
where we see unaveraged data with samples recor-
ded every 0.25 second. A segnent of the data
fros Figure 1(a) is shown in Figure 2(a). tWhile
not identical in every detail, or exactly alike
in amplitude, the two waveforms shared essenti-
8lly the same pattern for periods of s few
seconds or longer, and the occurrence of higher-
frequency bursts was almost sisultaneous at both
setellites in the illustrated exsmples. Figure
2(b) is an overlsy of ISEE 1 end ISEE 2 deta for
a section of 2(a), showing clearly the close
similarity of the two signals, sldeit with
slightly variadle delay from one sastellite to
the other.

Returning to Figure 1, we note thst in 1(d)
the similerity of the two field plots is consid-
ersbly less pronounced than in 1(s). Indeed,
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Fig. 1. Three cases showing the decrease
ISEE 1 and 2. Shaling indicates intervals

there are only limited sections, shaded for
emphasis, where we would assert the credibility
of such a correlation on the strength of pattern
inspection alone, In Figure 1(c), an interval
{3 shown in which there appears to have bDeen
still less correlation bdetween the waveforms at
the two spacecraft than in case 1(b). In perti-
cular, while sectjons of similar patterns per-
sisted among the smaller, foreshock waves (shad-
ing), the larger-amplitude puisstions have
visibly lost any sign of correspondence outside
of their simple joint occurrence., Certainly,
the contrast between 1{(c) and the pervasive
wavefors reproduction of 1{a) i3 clear. Over~
all, then, Figure ! illustrates the range of
varisbility of waveform correlation recorded in
the quasi-parallel shock and foreshock.

Decrease of Correlation With Distance

In esch of the pairs of panels of Figure 1,
st the upper right, is printed the distance,
250, 900, or 2300 i@ between 1SEE 1 and ISEE 2.
Clearly, the separstion in 1{c) was ten times
that in 1(8). This implicstion has been sade
more quantitative dy computing cross-correlation
coefficients for 20 pairs of such cases in which
the upstrean f ranged from 0.7 to 3.0, the solar
wind Mach number from 5.0 to 6.5, and the local
norsal sngle from 10° to 245°,

Correlation coefficients averaged over four~

0815 0025 0535 DEC FAl
1978
in coherence with increasing separation between

of similar waveform.

minute intervals were calculated for successive
0.25-3ec lags, consistent with the magnheto-
seter’'s acquisition rate of four vectors per
second. The correlation coe”ficient present in
this report is that of the average lagged pro-
duct of the time series on the two spacecraft
for each of the three vector components weighted
by the variance in that component. Further
details can de found in the paper by Hoppe and
Russell (1980].

Figure 3 is s plot of the cross-correlation
coefficients of large-amplitude, Qquasi-parallel
shock pulsations for the 20 cases, at
spacecraft-separstion distances ranging from 105
to 5,700 ikm. The graph demonstrates the fall-
off of pulse correlation with distance, showing
nearly perfect correlation at the left and
nearly complete lack of correlation at the
right. VWe have not regarded the preliminary
dets of Figure 3 as sufficiently refined to
Justify fitting the points with an exponential
or other heuristic medel; we infer, tentatively,
that the correlation remains high, but declines
progressively with separation up to several
hundred i, then drops rapidly to essentislly no
correlation at & threshold distence of adout
1,000 i, One argument against reading the
length scale too carefully at this stage i3 the
unknown role that gross sotion of the whole
shock may have played in the dats set, VWe say
hope that any such effect would heve averaged

77~

i LA e e e

FO%



Greenstadt et al.:

out over many examples where the 3hock ®oved
both in and out. A reliadle assessaent of shock
msotion by two satellites inside the quasi-
parallel structure, a prerequisite configuration
for a correlation study, is naturally precluded.
The figure suggests, then, that the outerazost
part of the quasi-parallel shock pulsations
occur in fairly well-marked "cells" containing
magnetic fluctuations of common origin, distin-
guishadble from f(luctuations {n adjacent cells.
We can call the cell dimension of about 1,000 km
the "correlation length®™ of the pulsations.

We say imagine that a progressive decline of
correlation occurs when s major wave coaponent
is damped with distance, so that its contribu~-
tion is large at one spacecraft but inconspicu=-
ous at the other. While dissipation of wave
enerdy with distance may take place, there {s
little indication that this effect is responsi-
ble for much of the observed variation in corre~
lation, Corresponding sections of data at
interdeZ,.ate distances, as in Figure 1(b), for
example, show no consistent amplitude difference
from one observation point to another, and some
of the correlation that does persist at longer
distances, 83 in Figure 1(¢), occurs in the
szaller waves, which appear to retain their
amplitudes very well [in the examplie of Figure
(e}, ISEE 1 was almost directly downsiream from
ISEE 2]. Thus, simple wave damping appears
inadejuate as an explanation for loss of corre-
lation, especially the major loss at the edge of
&4 "cell", and we need an alternative
explanation,

Possible Relation To Return Particle Populations

We may also imagine that the bulk of an
observed pulse train is produced Dby currents
from an identifiable sub-population of particles
such as return ions -- i.e., reflected or bdack-~
streaming ions [Gosling et al., 1978; Eastman et
al., 1981; Sentman et al., 1981; Bonifazi and
Moreno, 1931'] -= in a region occupied by those
particles. When Dboth magaetometers are in the
sSade region, they record the sams wavetrain;
when they are not, each records a wavetrain
gominated by local curreats but superposed on
comzonents propagated an</or convected from
other regions upstream,

™
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Fig. 2. Detsils of well-correlated pulsations
shown in Figure 1(a), Inserts 1illustrate
position of satellites and orientdtion of
sepsration vector,
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distance AR.

According to this alternative explanation,
the "correlation length™ should be related to
some characteristic particle-current dimension
peculiar to the shock or foreshock, an3d this
seexs to be the case. In Figure 4, we reproduce
the distributions of bulk and thermal velocities
for the recognized categories of return (dback-
streaming) ions, which we «now are present just
outside the shock, a3 plotted by Bonifazi and
Moreno [1931]. Treating these distridbutions as
if they were representative of velocities per-
pendicular to the ambient field, we have added
scales of equivalent Larmor radii at the bdottoam,
using an average IMF of 57, We see at once
that, regardless of category, virtually all the
measured velocities would correspond to gyro-
radii below about 2000 km. Moreover, the peaks
of the distributions of diffuse-ion bulk velo-
city (at left) and reflected-ion therzal velo-
city (at right) occur at a few hundred km, where
correlation is high in Figure 3. It is not
unreasonable, then, that wave shapes are shared
in regions occupied by associated return ions
circulating around the local ambient field, The
gyrophase-bunched ions described by Eastman et
al. [1981] and Gurgiolo et al. [1961] come
readily to mind.

FORESHOCK RETURN IONS
BULK VELOCITY THERMAL VELOCITY

0 1000 2000 1000 2000
EOUIVALENT GYRORADA (km)
ATBSY
Fig. 8, Equivelent gyroradii of return ions
studted by Bonifazl end Moreno (1981). In the
original graphs, Jjust adove the gyroradii
scales, asymbols V./Vgy and W denote the ratio of
return ion velocity to solar w.nd veloclity
(left) snd return ion therssl speed (right),
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Discussion

We have displeyed our quantitstive anaslysis
for a few cases of the larger "pulsations™ of
the Qquasi-psrsllel ahock under typical plasms
conditions (Be«1, Mw5) and plotted the results
against the straight-line distances separating
the two spacecraft. The visual evidence {n
Figure 1(c), supported by additional cases not
shown here, suggests that the smaller, foreshock
waves retain their patterns better at large
separstion than do the pulsations. Ciearly, a
quantitative result pertaining to foreshock
waves will be more difficult to schieve, since
the total separation of the two satellites in
the foreshock did not exceed about 7,000 im,
which could be commensurste with, if not shorter
than, the s®a.ler waves' correlation length,
Moreover, the correlation length may depend not
on simple separation distance, but on distance
along the ambient field, along the guiding
center backstreaming direction, along the wave
propagation vector, or along or scross the solar

wind flow. We have plotted correlation vs '

sepataticn projectez on the local shock normal
and found a decline similar to trat in Figure 3,
We have alsc founcd that in all cases examined so
far, the lag has always been from the spacecraft
ahead 3in the solar wind to the cne downwing.
Numerous cases will have to be fourd, and exten-
sive analysis done, to distinguish these possi-
bilities reliably and to verify anc understand
the downwind delay in relation to particle
behavior. We note, however, that a correlstion
length shorter for the large pulsations than for
the upstrean waves is compatible with the Larmor
radii sssociation mentioned above, as follows:

. Recall that the distance scales at the bottom
of Figure 4 were derived using an IMF magnitude
of 5Y, since this s the average where the
upstream distridbutions are found; but where
quasi-paraliel pulsations occur, the average
field is often double the average nearby IMF,
If the radius scales of Figure 4 were redrawn
using a field of 10Y, the ion distributions
would be corcentrated at distances half those
shown, implying very strong current and wave
correlation at short separations, as documented

in this report. Thus, small correlation lengths

for the large waves and larger correlation
lengths for the small waves argue for wave
creation by identifiable groups, or beams, of
return ions in regions measured by the appropri-
ate gyroradii. Of course, the very long, actual
correlstion lengths of waves in the foreshock
probadly fnclude the influence of convection by
the fast, unshocked solar wind.

Foreshock ions aslready released from the
shock and returned to the solar wind cannot
fully represent the ions responsible for the
correlstion cells discovered here. While ions
ecomposing the foreshock return particles asre
doudtless also present in the outer edge of the
quasi-parsllel structure [Asdbridge et ol.,
1978]), an important measuresent still to be
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reported is the spectrum of trapped, or "second
distribution®, fons in the quasi-parallel pulss-
tion structure itself. These should rep.ace the
spectrs used in Figure 4. From such a spectrum,
8 ®more pertinent renge of gyrorsdii can be
inferred. We may then ssk whether the Qquasi-
parallel shock contributes its own identifiatle
seed distridbution to the ions of the foreshock
or whether the missing distributions are simply
foreshock particles blown downstream. It 18 yn-
clesr at present how energetic icns derived
entirely from upstream scatter of reflected ion
beams [Bame et 31., 198C] would retair or recov-
er a» sharply defined cell dimersior or. reerter-
ing the shock, but the alternative pcstuilate
that dispersed ion distributions are produzes
primarily by direct sources at or near the bow
shock (Esstman et al., 1581] awails systematic
verificstion. Hopefully, detailecd i(nves:.gation
of the ions themselves will contribute com;.e-
mentary informstion to the stuly of wave-
particle interactiors 1n the shozk and fore-
shock, facilitated by the wide sepa-ations cf
the ISEE 1 and 2 spacecralt in 1975,
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